The immunodominant region on the circumsporozoite surface (CS) protein of the malaria parasite Plasmodium falciparum contains 37 repeated copies of a asparagine-alanine-asparagine-proline (NANP) motif NMR studies of linear synthetic peptides containing one, two or three repeat units provided evidence for nascent type I b-turns within the NPNA cadence in aqueous solution. The b-turns could be stabilised upon substituting proline for a-methylproline (P Me ) in the dodecamer (NP Me NA) 3 , without loss of the ability to elicit antibodies cross-reactive with P. falciparum sporozoites. In this work, four 4 ns MD simulations of the dodecapeptide Acetyl-(NP Me NA) 3 , in water, using NOE distance restraints, using 3 J-coupling constant restraints, using both these restraints and without restraints, were carried out to determine the conformations of this peptide in aqueous solution. An unrestrained MD simulation of the unmethylated Ac-(NPNA) 3 peptide in water was also carried out to investigate the effect of the additional methyl groups on the structure and dynamics of the peptide. The application of NOE distance restraints and 3 J-coupling constant restraints leads to contradictory results, probably due to different averaging time scales inherent to the measurement of these data, which exceed the 100 ps averaging applied in the simulations. The additional methyl groups lead to more compact structures, which display enhanced local¯uctuations. The central tetrapeptide adopts a type I b-turn, while the outer motifs display more conformational variability. The three motifs in the methylated dodecamer peptide, however, adopt frequently in the distance restrained MD simulation a compact structure such that the outer motifs appear to form a hydrophobic core by stacking of their two proline rings. This arrangement also suggests how a peptide containing multiple tandemly linked copies of a stable b-turn NPNA motif might adopt a folded stem-like structure, which conceivably may be of biological relevance in the native CS protein.
Introduction
The dynamical properties of molecules in solution are of fundamental interest due to the relationships between their dynamics, structure and function (Karplus & McCammon, 1983) . However, these properties are not easily accessible by experimental means. Although NMR spectroscopy yields both, dynamical and structural information, it is mainly used to obtain biomolecular structure.
In this context, restrained molecular dynamics (MD) simulation is a much used method to re®ne high-resolution structures of biomolecules. Additionally, time-averaged restrained MD simulations (Torda et al., 1989 (Torda et al., , 1990 (Torda et al., , 1993 offer the possibility to investigate the dynamical behaviour of biomolecules (Pearlman & Kollman, 1991; Schmitz et al., 1992 Schmitz et al., , 1993 Pearlman, 1994a,b; Nanzer et al., 1994 Nanzer et al., , 1995 in a more natural manner by treating the restraints as a quantity that has to be satis®ed on average over every time period of a given length during the course of a simulation.
The relationship between dynamics and structure is of particular interest in the growing area of the design and development of synthetic peptide vaccines (Arnon & Horwitz, 1992; Brown, 1994) . Conformational epitopes, structurally characterised as helices, loop regions or turns, are often located on the surface of proteins. The corresponding regions as linear synthetic peptides are conformationally more mobile and unlikely to adopt to the same extent stable secondary structure in aqueous solution. One approach to enhance conformational stability is the introduction of restraints, which reduce the¯exibility of synthetic peptides and thereby induce a more ef®cient immune response (Schulze-Gahmen et al., 1986) . Proline is frequently found at position (i 1) within the tetrapeptide sequences of b-turn conformations in folded proteins (Hutchinson & Thornton, 1994) . In a linear peptide antigen containing proline at position (i 1) in a nascent turn, replacing this proline with a-methylproline led to stabilised b-turn conformations and as a consequence to improved af®-nity to complementary anti-peptide monoclonal antibodies (Hinds et al., 1991) .
The immunologically dominant central portion of the circumsporozoite surface (CS) protein of the malaria parasite Plasmodium falciparum contains multiple repeats of the tetra peptide sequences NPNA (Enea et al., 1984; Dame et al., 1984) . Earlier NMR and CD studies of linear peptides containing one, two or three copies of this NPNA motif indicated the presence of conformers containing helical and/or reverse turns based on the NPNA cadence, in rapid dynamic equilibrium with unfolded forms (Esposito et al., 1989; Dyson et al., 1990) . Applying the idea of conformational stabilisation by backbone methylation, the replacement of proline by the non-proteinogenic amino acid (S)-a-methylproline (P Me ) led to a signi®cant stabilisation of the b-turn secondary structure within the NP Me NA motif (Bisang et al., 1995) . A solution structure of the dodecamer Ac-(NP Me NA) 3 was derived by NMR experiments and distance geometry (DG) and MD structure calculations. It was also shown that the dodecamer (NP Me NA) 3 can elicit antibodies in rabbits that cross-react strongly with P. falciparum sporozoites, thus supporting the biological relevance of the secondary structure stabilised by backbone methylation. In contrast, no regular conformations were detected in the linker regions connecting individual NP Me NA motifs in the dodecapeptide and therefore it is not clear how they might pack to produce a global polypeptide fold (Bisang et al., 1995) . In this work, MD simulations have been used to study the structural and dynamical behaviour of peptides containing tandemly repeated NPNA and NP Me NA motifs in water, under a variety of conditions. This includes ®ve simulations of the peptides in water, each 4 ns in length, including timeaveraged restrained MD simulations of Ac-(NP Me-NA) 3 involving distance and/or 3 J-coupling constant restraining functions, and unrestrained MD simulations of the Ac-(NP Me NA) 3 and Ac-(NPNA) 3 dodecamers in solution. In this way, the in¯uence of the different restraining functions on the extent of sampling of the conformational space can be analysed. Further, a comparison of the unrestrained simulations of the Ac-(NPNA) 3 and Ac-(NP Me NA) 3 peptides allows a study of the impact of a-methylproline on the dynamical properties of these peptides. Last but not least, these simulations in conjunction with the experimental NMR data provide an opportunity to learn more about the conformational properties of this immunologically important region of the CS protein, which might also facilitate the design of more effective synthetic malaria vaccines.
Results

Agreement with the experimental NMR data
Before analysing the dynamical behaviour of the peptide in this series of MD simulations the quality of the restrained MD simulations in terms of reproduction of the experimental data has to be assessed. There are 90 NOE distance restraints and 21 3 J-coupling constant restraints (Bisang et al., 1995) .
Agreement with distance restraints is judged by three criteria: the sum of violations, the largest violation, both listed in Table 1 , and the distribution of the violations of the 90 NOE restraints plotted in Figure 1 . As expected, the two MD simulations in which distance restraining is applied agree well with the experimental NOE data, irrespective of whether the time-averaged distance restraints are applied in combination with 3 J-coupling constants or alone. The sums of violations are small, the largest violations are below 1 A Ê , and the violations are spread over the whole molecule. The best results, that is the smallest sum of violations, are obtained by applying the time-averaged distance restraining function with the 3 J-coupling constant restraining function. In contrast, the MD simulation in which only 3 J-coupling constant restraining is applied, and the two unrestrained simulations, do not ful®ll the NOE distance criteria. At least 15 NOE distances are violated by more than 1 A Ê and the sum of violations reaches values between 51 and 78 A Ê , de®nitely not in agreement with the bounds derived from NMR experiments. These three MD simulations sample areas of the energy surface, which are not compatible with the experimentally determined NOE bounds. The relatively large violations observed in the unrestrained simulations point to insuf®cient accuracy of the force ®eld or to insuf®cient sampling of the conformational space of these small and¯exible peptides in water, even in long simulations. By including 3 J-coupling constant restraints, improved agreement with the experimental data was expected. This is only marginally so, however, in the MD simulation using NOE distance and 3 J-coupling constant restraints. Therefore, the next question is how well the 3 J-coupling constants are reproduced in the MD simulations.
As for the distance restraints, the 3 J-coupling constant restraints were applied in two MD simulations; time-averaged 3 J-coupling constant restraints combined with and without time-averaged distance restraints. The results obtained are summarised as the sum of violations of the 3 J-coupling constants in Table 1 , and as a correlation diagram between the averaged simulated and the averaged measured 3 J-coupling constants in Figure 2 . The experimentally measured values are best reproduced by the time-averaged 3 J-coupling constant restrained MD simulation. In the other simulations the sum of violations for 3 J-coupling constants reaches values between 27 and 34 Hz, to be compared to 21 Hz for the simulation with time-averaged 3 J-coupling constant restraints. The largest differences are observed for the side-chain 3 J-coupling constants.
The combined use of NOE distance and 3 J-coupling constant restraining only marginally improves the agreement with the experimental data and therefore additional analysis, especially of the energetic terms and of differences in dynamical behaviour of the peptides in the MD simulations, was carried out to determine the reasons for this observation.
Energetic and dynamical behaviour
The ®rst block of Table 1 gives an overview of the most important energetic terms of the simulations. The averaged values for the total potential energy of all ®ve MD simulations are of comparable size, that is between À49,288 and À49,009 kJ mol À1 , and their¯uctuations are about 190 kJ mol À1 for the two time-averaged distance restrained and the two unrestrained MD simulations. Larger potential energy¯uctuations are found for the simulation using time-averaged 3 J-coupling The columns represent the different MD simulations applying time-averaged distance and 3 J-coupling constant restraints (TADJR), time-averaged distance restraints (TADR), time-averaged 3 J-coupling constant restraints (TAJR), and unrestrained simulation (UR) of the (NP Me NA) 3 peptide and the unrestrained MD simulation (URNOM) of (NPNA) 3 . The ®rst block (A) shows the average contributions to the total energy separated on the basis of terms in the force ®eld, the second block (B) shows the agreement with the experimental data, the third block (C) shows the avarage radius of gyration, the fourth (D) shows the root-mean-square positional uctuations of the C a and of all atoms and the ®fth block (E) shows the percentage hydrogen bonding between the backbone atoms of the three motifs. Averages are taken over the whole simulation time of 4 ns. constant restraints alone without distance restraints.
The other energies, corresponding to bond and dihedral angles, electrostatic and van der Waals interactions are of reasonable size and show no anomalous differences. The energies of the restraints demonstrate the non-linearity of the timeaveraged energy terms used to restrain the system to the experimental input; a larger restraint energy does not necessarily imply a larger sum of violations by the corresponding restraints and the combined use of distance and 3 J-restraints reduces the corresponding restraint energies, but not the sum of violations.
The results analysed so far reveal signi®cant structural and small energetic differences between MD simulations in which NOE distance and/or 3 Jcoupling constant restraints are applied. Another aspect is the in¯uence of the restraining on the dynamical properties of the peptides, because previous publications reported the strong in¯uence of time-averaged restraints on the dynamics of simulated nucleotides and proteins (Torda et al., 1989 (Torda et al., , 1990 (Torda et al., , 1993 Pearlman & Kollman, 1991; Schmitz et al., 1992 Schmitz et al., , 1993 Pearlman, 1994a,b; Nanzer et al., 1994 Nanzer et al., , 1995 . Figure 3 shows the radius of gyration as a function of time for the ®ve MD simulations. Large differences are observed for the radius of gyration using the 3 J-coupling constant restraining alone or in combination with the distance restraining function. Values¯uctuating between 5 and 11 A Ê are far from normal for a system of this size on a nanosecond time scale and indicate con¯icting demands on the conformation of the peptide from the 3 J restraining term on the one hand, and from the physical energy terms on the other. The use of time-averaged distance restraints alone induces reasonable¯uctuations of about 0.5 A Ê around the average value of 6.1 A Ê . The values of the unrestrained MD simulations show large changes at the beginning of the simulations, but they stabilise to about 0.5 A Ê around the average value of 6 A Ê after two nanoseconds. The plots of the radius of gyration con®rm the result of Figures 1 and 2 . Apparently, the dynamical behaviour of the simulations in which 3 J-coupling constant restraints are applied, originates in the restraining method and does not represent naturally occurring¯uctuations.
To illustrate the conformational changes occurring in the trajectories, a superposition of six snapshots from each of the ®ve trajectories are shown in Figure 4 . Although the six snapshots cannot represent all possible conformations the peptides occupy during the MD simulation, they demonstrate the type of motion in the trajectories. The restrained MD simulations (upper row) show signi®-cant differences in the conformational space that is sampled. The MD simulation restrained by 3 J-coupling constants samples a broad area of different conformations with no obvious relation between the structures. When applying 3 J-coupling constant restraints in combination with distance restraints the sampling is restricted. If only distance restraints are applied, a compact region with a relatively small distance between the frst and the last NP Me NA motifs is sampled. The b-turns seem to remain very stable. When no restraints are applied, only the inner motif forms a stable b-turn, the outer motifs form an elongated chain and the MD simulation reveals structures looking like a b-turn with two antiparallel strands. A similar picture emerges from the unrestrained Ac-(NPNA) 3 MD simulation. The inner motif is forming a turn, the outer motifs are again elongated but not parallel.
In view of the unnaturally large structural¯uc-tuations in the simulations involving 3 J-coupling constant restraints, these simulations are not further analysed. To gain insights into the structure of the two dodecamers in aqueous solution, further analysis is concentrated on the time-averaged distance restrained and the unrestrained MD simulations of Ac-(NP Me NA) 3 , and the unrestrained MD simulation of Ac-(NPNA) 3 . The major structural conclusion about the tetrapeptide motifs in our previous work (Bisang et al., 1995) was``(the structure calculations) reveal a stable hydrogen bonded type I b-turn conformation (most likely present at 70 to 80% population) within each (NP Me NA) motif,'' b-turn secondary structures may be described by the distance between C a (i) and C a (i 3), which has to be <7 A Ê , and can be classi®ed into eight different classes de®ned using f and c angles for residues (i 1) and (i 2) (Wilmot & Thornton, 1988) .
To analyse the stability of b-turns in the present MD simulations, the distances between C a (i) and C a (i 3) of the three motifs are plotted as time series for the three trajectories of interest ( Figure 5 ). The thin line drawn in each plot corresponds to the b-turn criterion (distance of 7 A Ê ). In the timeaveraged distance restrained MD simulation the three distances are below this limit, with few exceptions, for the whole trajectory. In the unrestrained MD simulations, different behaviour is observed for the different motifs. Whereas the inner motifs are very stable and ful®ll the b-turn criterion, the outer motifs ful®ll it only for about 30% of the trajectory. The C a (i, i 3) distances of the outer motifs vary between 5 and 13 A Ê , indicating large structural movements of the peptides.
A similar but stricter criterion, is the presence of hydrogen bonds between the backbone CO and NH groups of residues (i) and (i 3), respectively. A hydrogen bond was assigned if the angle subtended by the N, H, and O atoms is greater than 135
, and the H to O distance is less than 2.5 A Ê . The results, listed in Table 1 , support the picture of the C a to C a distances in Figure 5 . Hydrogen bonds are formed between the backbone CO and NH groups of residues (i) and (i 3) for about 50% of the time during the time-averaged distance restrained MD simulation of the peptide Ac-(NP Me-NA) 3 . These hydrogen bonds are lost as soon as the restraints are removed, with the exception, that about 15% remain for the inner motif.
b-Turns can also be classi®ed depending on the value of the torsion angles of the central amino acids. The classi®cation by Wilmot & Thornton (1988) lists eight classes of b-turns depending on the f and c angles of the residues at position i 1 and i 2. Ramachandran plots of the proline and asparagine residues involved show that in the distance restrained MD simulation of Ac-(NP Me NA) 3 the motifs adopt most of the time a type I b-turn (data not shown). A different picture is found for the unrestrained simulations. The three motifs adopt a greater variety conformations involving a type I b-turn, several other classes and conformations which do not ®t in one of the accepted classes.
The analysis of C a to C a distances, hydrogen bonds and torsion angles leads to the following conclusions about the structure and dynamics of the b-turn motifs: the time-averaged distance restrained MD simulation con®rms the results of our earlier work (Bisang et al., 1995) , that the repeated (NP Me NA) motif forms a stable type I b-turn most of the time. In the unrestrained MD simulations a b-turn motif is formed most of the time for the inner tetramer, but rarely for the two outer motifs. The two outer motifs adopt structures which are similar to b-turn conformations, but sample also conformations with structural features of b-strands. On the other hand, the experimental NMR data includes very low temperature coef®cients for the Ala NH resonances in all three motifs, indicative of shielding of these protons from bulk solvent. Also, all three motifs have NOE connectivities typical of b-turns, although the effects are typically somewhat weaker for the outer motifs. This indicates that the outer motifs are less stable than the inner one, albeit not as pronounced as the unrestrained simulations would suggest.
Structure of the dodecamer
In our previous work (Bisang et al., 1995) no regular repeating conformations were detected in the linker regions connecting individual (NP Me NA) motifs. The analysis of various quantities from the long MD simulations yields a more detailed picture of the linker regions and allows one to draw conclusions about the dynamics and the relative motion of the three motifs.
A ®rst quantity of interest is the root-meansquare (r.m.s.) positional¯uctuation of the C a and of all atoms, averaged over the whole simulation ( Table 1) . The values are relatively large, which reects the mobility of the peptide. Second, the difference between the r.m.s. positional¯uctuation for the C a and for all atoms is much smaller than expected and smaller than in MD simulations of proteins. The dominant motion of the atoms is similar for both backbone and side-chain atoms and the three motifs seem to move in coordination. Third, comparing the two unrestrained MD simulations, larger positional¯uctuations for the methylated peptide are noticeable, indicating enhanced internal motion.
The extent of sampling of conformational space in the time-averaged distance restrained MD simulation is restricted by the number and the distribution of the NOEs over the molecule. Therefore it is worth analysing the distribution of NOE distance restraints between the three motifs of Ac-(NP Me NA) 3 . Of the 90 measured NOEs, only nine involve intermotif distances, and in the linker region between the motifs only two NOEs involving backbone atoms were measured, namely between motif I and II, a distance from C a H of Asn 3 to N H of Asn5 and similarly between motif II and III, from C a H of Asn7 to N H of Asn9. These distances are plotted as a function of time in Figure 6 . The packing of the motifs in the time-averaged distance restrained MD simulation is controlled by these two NOEs. The length of the distance restraints is 5 A Ê for both NOEs and is indicated by the thin line in each graph of Figure 6 . The pictures illustrate the motions between the motifs during the MD simulations. In the time-averaged distance restrained MD simulation both distances sample two regions, one around 4 A Ê and the second around 5.5 A Ê , with distinct transitions in between. These plots illustrate the effect of the time-averaged restraining function: the simulation samples the energy surface freely for a short time (maximally till about t dr 100 ps), after which the restraining function forces the molecule to adopt conformations satisfying the restraints for at least about the same time. The plot shows a typical pattern, where two distant ranges are sampled with more or less strict transitions in between and the length of the sampling of the upper range corresponding to the memory relaxation time t dr . Test simulations with t dr 200 and 400 ps showed a longer sampling of the upper distance range, which indicates that the time scale of the simulated motion is largely determined by the distance restraining (data not shown).
In the unrestrained simulation of Ac-(NP Me NA) 3 the dynamics are different. The two intermotif distances sample smoothly several distances, in between 3.5 A Ê and 6.5 A Ê . Distinct, regular transitions between two distance ranges are absent, and the plot indicates uncoordinated motions between the tetrapeptide motifs. A similar behaviour is found in the unrestrained MD simulation of Ac-(NPNA) 3 . Again distances between 3.5 A Ê and 6.5 A Ê are sampled. We note that without restraining, the two distance restraints are satis®ed on average as well as when distance restraints are applied.
The following picture of the structure and dynamics of the peptides emerges. The peptides display two separate structural and motional domains. Firstly, the tetrapeptide subunits form b-turn motifs in rapid equilibrium with elongated structures. The equilibrium position is dif®cult to assess from the simulations alone, but the NMR data of Ac-(NP Me NA) 3 indicates a signi®cant preponderance of the turn conformations (Bisang et al., 1995) . Second, the complete dodecamers, although being relatively¯exible, form a regular structure by packing the ®rst motif against the third (Figure 7 ). However, they do not come suf®ciently close to each other to allow for NOE peaks observable in the spectra. These results from the simulations, combined with the experimental NMR data, thus provide an indication of how a peptide containing multiple tandemly repeated NPNA motifs might begin to adopt a folded structure. This folded structure might conceivably occur on the native CS protein, and so has important biological implications (vide infra).
Role of the C a a a -methylated proline residues
It was anticipated that differences between the unrestrained simulations of Ac-(NP Me NA) 3 and Ac-(NPNA) 3 might reveal how the additional methyl groups in the proline residues in¯uence the conformation of each repeat motif. Starting the comparison with Table 1 , the energetic parameters in the ®rst block show only small differences between the unrestrained MD simulations. The radius of gyration and the hydrogen bond percentages are also very similar. Signi®cant differences are found for the r.m.s. positional¯uctu-ations for the C a and for all atoms ( Table 1) . The values for the methylated peptide are signi®cantly larger, indicating larger local movements for the Ac-(NP Me NA) 3 peptide than for the unmethylated peptide. The block with the differences to the experimental NOE distance and 3 J-coupling constant restraints shows that the averaged values for the unrestrained MD simulations differ little; both unrestrained MD simulations sample conformations outside the bounds derived from experiments. The distribution of the sum of violations (Figure 1 ) differs again only slightly between the two unrestrained MD simulations. Obviously, the two MD simulations violate almost the same distance bounds. Most of the violated distances involve side-chain restraints and are therefore not of direct interest for the analysis of the effect of the methyl groups bound to the C a in the proline residues. In Figure 2 , the correlation plot of the measured and the calculated 3 J-coupling constants, a different trend is observed: in the unrestrained Ac-(NP Me NA) 3 simulation, the 3 J-coupling constants of Ac-(NP Me NA) 3 for the backbone atoms are much better satis®ed than in the unrestrained Ac-(NPNA) 3 simulation. The plots of the C a (i, i 3) distances do not show major differences between the two peptides. However, as shown in Figure 5 (unrestrained simulation), the presence of a methyl group at the C a of the proline residues stabilises conformations in which the C a (i) and C a (i 3) distance is 4 7A Ê , compared to the behaviour in the native sequence (unrestrained unmethylated simulation). This result is consistent with the experimental data from the NMR measurements. The inner motif is very stable for both unrestrained simulations, and the outer motifs sample, on a long time scale, several conformations.
On the other hand, a different effect of the methyl group can be seen in Figure 8 , where the distribution of f-and c-angles of the proline and P Me residues are displayed in the form of Ramachandran plots. The upper panels show the dihedral angles during the MD simulation for the unrestrained Ac-(NP Me NA) 3 peptide and the lower panels for the unrestrained Ac-(NPNA) 3 peptide. Whereas the inner motifs for both mainly sample dihedral angles around f À 60 and c À 60 , the c dihedral angles of the outer motifs sample two or more ranges of c-values. In the MD simulation of the methylated peptide almost all possible c dihedral angles (between À180 and 180 ) were visited. The unmethylated peptide mainly samples two different ranges, one around c À 60 and a second range between 90 and 150 . Again the inner motif is more stable than the two outer motifs, which corresponds with the observations in Figure 5 for the C a (i) to C a (i 3) distances for the three motifs. Plots of the dihedral angles of the peptides as time series show that the c-angles of the methylated peptide rotate during the MD simulation, whereas in the unmethylated peptide jumps between the two values are observed (data not shown). Both unrestrained MD simulations sample f-dihedral angles around À60 , the distribution being slightly broader for the methylated peptide than for the unmethylated peptide. The unexpected conclusion, therefore, is that the addition of methyl groups to the proline residues does not restrict the ranges of proline c-angle values as observed in the unrestrained simulation of the unmethylated peptide.
Finally, the preferred puckering states of the proline rings were analysed using the w 2 side-chain angle as puckering indicator. No signi®cant difference between the prolines in the three motifs or between the methylated or unmethylated prolines were observed. The two regions around w 2 30 and around w 2 À 30 were about equally populated, with transition rates of the order of 100 ns À1 .
Discussion and Conclusions
Three aspects of the MD simulations presented in this work are of general interest: ®rst the different properties found in the simulations using different MD simulation restraining techniques, second, the structure and mobility of the NPNA motifs and the way in which these motifs could form a global peptide fold, and third, the biological role of this peptide fold.
Contradicting experimental data
The combined use of the NOE distance and the 3 J-coupling constant restraining methods revealed unnatural dynamics during the long MD simulations. The radius of gyration (Figure 3 ) and the overall picture of the molecules (Figure 4) give clear evidence for hopping between multiple conformations induced by the 3 J-coupling constant restraints. This indicates that the 3 J-coupling constant restraints are not very compatible with the minima of the force ®eld used in the simulation. The sum of distance restraint violations (Figure 1 ) and the correlation between the experimental and simulated 3 J-values (Figure 2) show that the experimental 3 J-coupling data are also not very compatible with the experimental NOE data. Obviously, the two experimental data sets de®ne conformations belonging to distinct areas in conformational space and the force ®eld de®nes yet another conformational area to be of low energy. Three factors which in¯uence each other, may explain this unexpected behaviour.
First, the measurements involve different time scales. The peptide is quite small and very¯exible, which leads to averaging of the signals obtained from NOESY and COSY experiments. The measured NOE distances and 3 J-coupling constants are weighted averages of values for all solution conformations accessible to the peptide at the temperature of the measurement. The NOE averaging is dominated by short distances due to the r À6 averaging. Relatively slow motion of the peptide (compared to the NMR time scale) can give rise to additional NOEs. Fast motions (typically around Figure 7 . A structure taken from the time-averaged distance restrained MD simulation of Ac-(NP Me NA) 3 in the equilibrated second part of the trajectory at 2.75 ns. The Asn residues are coloured blue, the Ala residues in yellow and the ®rst Pro residue in red, the second in dark blue and the third in magenta. The picture shows on the left side two different views of a stick model and on the right side the same two views of a CPK model.
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À9 seconds) can reduce the number of NOEs. Vicinal 3 J-coupling constants are related to angles via the Karplus curve (equation (1); see Methods), a quadratic function of the cosine of the included torsion angles (Karplus, 1959) . This kind of averaging is distinctly non-linear with respect to either Cartesian coordinates or dihedral angles (Jardetzky, 1980) and geometric solutions of equation (1) may not represent a physically plausible conformation for some sets of coupling constants.
Second, 3 J-coupling constants and NOEs are differently related to peptide structure. The different techniques used to determine the data measure different conformations of the peptide. Due to the r À6 averaging, the NOEs are biased towards short distances. In contrast, 3 J-coupling data are averaged between all conformations sampled during the timescale of the measurement. Whereas NOE distance restraints between hydrogen atoms of different residues can be detected if they are near in space, i.e. maximally 5 A Ê apart, but independent of atom sequence, 3 J-coupling constant measurements detect vicinal coupling of hydrogen atoms only covalently connected through three bonds, i.e. near in sequence and near in space, but independent of the position with regard to the other atoms of the peptide. Apparently, in the extreme case NOESY and COSY measurements may detect different conformations. Whereas the NOESY experiments reveal structural data mostly when the peptide forms a compact structure, the COSY experiments reveal data concerning all conformations the peptide visits during the time of the measurements.
Third, our modelling is not exact. NOE intensities are accounted for by an r À6 approximation, whereas direct re®nement against intensities would be more appropriate. Also, 3 J-coupling constants are calculated using the empirical Karplus curve and the physical force ®eld is an effective force ®eld that certainly cannot represent the true atomic interactions in detail. It is also not clear a priori what time-averaging interval should be assigned to each of the experimental restraint classes.
Structural properties of the peptides
The results of our previous MD re®nements of the Ac-(NP Me NA) 3 structure (Bisang et al., 1995) are partly con®rmed. Type I b-turn motifs are formed during the MD simulation, but several other more extended conformations are also possible. The NOE distances favour b-turns, the 3 Jcoupling constants favour more extended conformations and the physical force ®eld allows both, b-turn motifs and extended structures. The overall structures of the peptides also depend on the applied restraining method. When time-averaged distance restraints are applied, the Ac-(NP Me NA) 3 peptide forms a well de®ned three-dimensional structure whose main motion involves the opening and closing of a gap between the ®rst and the third motif. The frequency of the opening and closing observed in the trajectory is determined by the restraining method and does not re¯ect the natural time scale. In the MD simulations in which also 3 Jcoupling constant restraints are applied, a variety of conformations are sampled and no clear picture of a structure emerges. The trajectories of the unrestrained simulations show again a different picture. The inner motif is very stable for both peptides, and the peptide backbones are in dynamic equilibrium between structures forming a b-turn with two antiparallel strands and three b-turns forming a compact sphere.
Biological aspects of the MD simulations
From a biological point of view, the peptide of interest is not so much the (NP Me NA) 3 dodecamer, but repeated units of the NPNA motif, as they occur in the CS protein of P. falciparum. Therefore some speculation about the structure of repeated NPNA motifs based on the results of the MD simulations might be of interest.
The time-averaged distance restrained MD simulation of the Ac-(NP Me NA) 3 peptide reveals very stable b-turn motifs. These three motifs are arranged in a compact structure and the two outer motifs seem to build a hydrophobic core by stacking of their proline rings (Figure 7) . Considering the increased stability of the inner motif during the unrestrained MD simulation, which is also evident from the NMR data (Bisang et al., 1995) , one might imagine that longer peptides containing multiple tandemly repeated NP Me NA units would adopt more stable b-turn motifs which could result in a stable peptide fold. In particular, by appending additional b-turn motifs, a stable stem-like structure might be developed by a repeated pairwise stacking of the proline rings. In such a stem structure the C a -methyl group would increase stability in two ways: ®rst, the b-turn is stabilised and second, the hydrophobic interaction is increased by the hydrophobic methyl group. This is also supported by the unrestrained MD simulation of the Ac-(NP Me NA) 3 peptide, where a similar compact spherical structure of the motifs and the packing of the proline rings can be seen (Figure 4) , and more often than in the MD simulation of the Ac-(NPNA) 3 peptide.
The evocation of a strong immune response by small synthetic peptides containing tandemly repeated NPNA units is believed to be a consequence of the conformational similarity of the peptides to longer sequences in the CS protein itself (Bisang et al., 1995; Herrington et al., 1987) . The similar immunological potency of (NP Me NA) 3 and (NPNA) 3 peptides strengthens the importance of the common secondary structure and the possibility that this is closely related to structures in the folded CS protein. The MD simulations of the peptides support the idea of common secondary structure elements in the peptides that elicit the immune responses, because the sampled b-turn structures, which are also in agreement with the NMR data, represent the only stable structural elements of the peptides, whereas the extended conformations sampled are a mixture of different conformations. The folded structure as obtained in the time-averaged distance restrained MD simulation represents a stable and much populated tertiary structure of the methylated peptide. It is not clear whether this is at the same time the structure which elicits an immune response, but the cross-reactivity of anti-(NP Me NA) 3 antibodies with P. falciparum sporozoites (Bisang et al., 1995) lends some credence to the view that this folded structure may be present in the (NPNA) repeat region of the CS protein.
Methods
Molecular model and simulation setup
All MD simulations were carried out using software from the GROMOS suite of programs (van Gunsteren & Berendsen, 1987) . The simulations were performed using the standard GROMOS 37C4 united atom force ®eld for the simulation in aqueous solution, with the following modi®cations. First, for the interaction between a carbon atom and SPC water oxygen a value for the repulsive term in the Lennard-Jones potential of C12 0.5 (OW,OW) 421.0 (kcal mol À1 A Ê 12 ) 0.5 is used in the standard GROMOS87 force ®eld. Calculations of the free energy of solvation of CH 4 suggest, however, that the free energy of hydration is too favourable and that use of the value of C12 0.5 (OW,OW) 690.0 (kcal mol À1 A Ê 12 ) 0.5 is more appropriate (Smith et al., 1995) . Second, long MD simulations of proteins in solution revealed that too many peptide amide¯ips occurred (A. Mark personal communication; Smith et al., 1995) . Therefore, the force constant for the dihedral angle energy term for the fand c-angles was increased from 0.1 kcal mol À1 to 0.24 kcal mol À1 . The temperature was held constant by weak coupling (t 0.1 ps) to an external bath of 300 K (Berendsen et al., 1984) . The SHAKE algorithm was used to maintain all bond lengths with relative precision of 10 À4 (Ryckaert et al., 1977) allowing an integrator time step of 0.002 ps. Non-bonded interactions were truncated at 8 A Ê .
A total of 25 distance geometry (DG) structures of the dodecamer Ac-(NP Me NA) 3 were obtained from Bisang et al. (1995) and correspond to the starting structures in this work. The starting structure for the Ac-(NPNA) 3 dodecamer was created manually by removing the methyl groups from the a-carbon atoms of the P Me residues from one of the Ac-(NP Me NA) 3 DG structures. The 90 NOE distance restraints, the 9 3 J HNa -and 12 3 J ab -coupling constant restraints are those used by Bisang et al. (1995) . The classi®cation of NOE distance bounds as given in Table 3 of Bisang et al. (1995) was not used, but the bounds inferred from a direct cross-peak volume to distance conversion, as given in Table A of the supplementary material of Bisang et al. (1995) .
All 25 DG structures of Ac-(NP Me NA) 3 and the Ac-(NPNA) 3 model structure were subjected to 1000 steps of energy minimisation followed by 100 ps MD simulations using a force constant for distance restraints of K dr 30 kJ mol À1 A Ê À2 and for 3 J-coupling constant restraints K Jr 1 kJ mol À1 s 2 (Kaptein et al., 1985) . The time constants for exponential decay of the averaging term for distance restraints and 3 J-coupling restraints were t dr t Jr 0 ps to equilibrate the system in the GROMOS force ®eld. J-coupling constant restraints. The methylated peptide was then simulated without application of restraints and ®nally, also the unmethylated Ac-(NPNA) 3 peptide was simulated without restraints.
Trajectory averages were compared with quantities derived from experiments. The NOE distances derived from experiment were compared with the distances calculated from the trajectory using 1/r 3 averaging (hr À3 i) À1/3 Tropp (1980) . Coupling constants were calculated using the relationship (Karplus, 1959) :
